A brazing process based on Ni-Mo alloy was developed to join porous tungsten cathode bottom and dense molybdenum cathode body for microwave tubes manufacture. The Ni-Mo alloy was obtained by mixing and milling powders in the eutectic composition, and applied on the surface of the components. The brazing was made at 1400 °C by using induction heating in hydrogen for 5 minutes. Alumina surfaces were coated with the binder and analyzed by Energy Dispersive X-rays Fluorescence. The brazed samples were analyzed by Scanning Electron Microscopy coupled to Energy Dispersive Spectroscopy. Stress-strain tests were performed to determine the mechanical behavior of the joining. The quality of the brazing was evaluated by assuring the presence of a "meniscus" formed by the Ni-Mo alloy on the border of the tungsten and molybdenum joint, the absence of microstructural defects in the interface between the tungsten and molybdenum alloys, and the adhesion of the brazed components.
Introduction
Several different areas of Science and Technology are involved in the development of microwave tubes. When thermionic cathodes, which are fundamental components in microwave tube devices are exposed to heat, they become sources of free electrons which will be further accelerated in an electron gun forming a dense electron beam. These electrons might have their velocity modulated, decelerated, and consequently they will emit electromagnetic radiation in the range of microwave 1 . It is necessary to join components by brazing during the development of thermionic cathodes, however, there is a challenge concerning the choice of the appropriate material to be used as a filler. Brazing is a thermal activated process usually used to join components, and it is done by the addition of a melted filler material or brazing alloy. When the filler is in the liquid state, it wets the surface of the parts to be joined, and after cooling, the components are bonded together 2, 3 . In the present work, the brazing alloy must wet both tungsten and molybdenum (parts of the cathode), and the brazing temperature must be above the cathode working temperature (1200 °C) 4 , without causing any structural damage to the cathode components. Thermal shock followed by crack propagation, re-melting of the filler material, and contamination from other parts of the tube are other issues to be considered.
The Ni-Mo system is an alternative filler material 5, 6 . The phase diagram of this system can be seen in Figure 1 and shows the eutectic composition (35.8 at.% of molybdenum) at 1310 °C [7] .
The aim of the present work is to develop a brazing process which uses induction heating to join porous tungsten to dense molybdenum components, by using an eutectic composition of Ni-Mo alloy as a filler.
Experimental

Powder homogenization and milling
Nickel and molybdenum powders (99.9% purity) with nominal average particle size of 44 µm were weighed, mixed, and ground using a ball mill. The amount of molybdenum (38.4 mol%) was chosen based on the Ni-Mo phase diagram, and the grind was performed during 48 hours in anhydrous ethanol to minimize the oxidation reaction 8, 9 .
Binder preparation
After the homogenization and milling, the powder was dried and selected to prepare a binder which would be further used as a coating on the surface of the cathode components (porous tungsten and dense molybdenum) 3 . The use of the binder was the way chosen to add the filler material into the components, and the binder preparation is shown schematically in Figure 2 .
The binder was stirred using a glass rod for homogenization, and spread on the surface of an alumina plate using a brush; it was finally dried at 100 °C. The composition of this layer was determined by EDX. 
Brazing sample preparation
Brazing was done in two different procedures: in the first procedure, the brazing was carried out to join only molybdenum components, and in the second arrangement, the brazing was carried out to join two different materials, such as a dense molybdenum and a porous tungsten, obtained from W-Cu composite, previously decoppered at 1450 °C, in hydrogen for 20 hours, using an induction furnace 10 . Figure 3 presents the schematic diagram of the components to be brazed after the binder application done in four different ways to optimize the wetting stage, the capillary flow, and consequently to allow the final joining of two components.
In the first procedure a layer of binder was spread on the borders contact with both components, as shown in Figure 3a ; the second procedure is similar to the first, however, the borders were coated with three layers following intervals of 5 minutes each. It was verified that the chosen interval is suitable to dry the binder on the surface, without any damage to the previous coating. The third procedure consists on the application of the binder only on the surface in contact with both components, as shown in Figure 3b , and the fourth procedure is a combination of the second and the third ones.
Brazing process
The brazing process was done in a special heating chamber shown in Figure 4 , assembled inside an induction heating system (Ambrel, model 3542). The flow of dry hydrogen keeps a reducing atmosphere, and the sample was held inside a graphite crucible which was self-heated by the absorption of electromagnetic waves in the radio-frequency range generated by the induction coil. The refractory heat shields reduce the thermal energy losses so heating can be achieved applying electrical currents ranging from 300 to 350 A. The dry hydrogen is controlled by two leak valves (Edwards LV-10K) located in the base and on the top of the heating device. The temperature of the sample was measured by an optical pyrometer (DFP2000) and it varied from 1330 to 1450 °C.
Structural and compositional analysis
The composition of the Ni-Mo alloy and the homogeneity of the binder were determined by energy dispersive X-rays fluorescence spectroscopy (EDX) using an spectrometer Shimadzu, model EDX 720. The binder was spread on the surface of high purity alumina plates which was analyzed by selecting different spots of the surface. The same procedure was used to analyze tungsten surfaces previously coated with binder. These surfaces were analyzed prior and after the thermal treatment at the same temperature and atmosphere used for the brazing process.
X-ray diffraction was performed to determine the phases present in the binder prior and after the heating treatment done to obtain the Ni-Mo alloy. These analyses, in addition to the powder size distribution determined by laser diffraction analysis (Cilas, model 1160) and SEM, are important techniques to characterize the mechanisms related to homogenization and milling.
Microstructural analysis
Scanning electron microscopy (SEM) (Jeol, model 6400) coupled to the energy dispersive spectroscopy (EDS) analysis (Thermoelectron), was used to determine the microstructure in the region of the brazing, including the interface between the components and the filler alloy, and mapping the amount of each element as a function of the position on the sample surface.
Mechanical strength
Similar samples prepared according to the arrangement presented in Figure 3 were used in the mechanical strength tests; an universal testing machine (Instron, model 1186) was used to determine the tensile strength value. These results were performed to verify the appropriate employment of the developed joints in microwave tube applications.
Results and Discussion
Binder composition
The nominal composition of the powder to be used as a filler is 35.8 Mo -64.7 Ni (mol%), and the real composition determined by EDX for ten samples coating the surface of alumina plates are shown in the Table 1 . The average standard deviation was 0,06 mol% for each analyzed sample, and the analyzed surface area was 1 cm 2 . The binder for samples 1 to 5 were prepared using nitrocellulose with low kinematic viscosity (6 saybolt universal seconds) and the binder for samples 6 to 10 were prepared using nitrocellulose with high kinematic viscosity (360 saybolt universal seconds). It was observed that the composition of the samples 1 to 5 deviate from the nominal values due to the low viscosity of the binder, and consequently, the time sedimentation for Ni and Mo particles are different, increasing the concentration of Ni on the surface of the sample. For the samples 6 to 10, the compositions are close to the nominal ones.
By comparing these compositions with the ones depicted in the phase diagram for Ni-Mo, it was possible to establish that the brazing process could be performed in the range of temperature 1350-1450 °C, which is near to the eutectic temperature. The same procedure was used when surfaces of tungsten plates were treated at 1400 °C for 10 minutes.
The chemical composition determined by EDX, for five tungsten samples, previously coated with binder and heated at 1400 °C for 5 minutes are presented in Table 2 ; the analyses were performed on 0.5 cm 2 and the average standard deviation was 0.06 mol%.
The best results in terms of homogenization were achieved for temperatures higher than the eutectic temperature, due to the variation of the binder composition applied on the tungsten surfaces, however, after the melting process, the formed alloy began to be homogenous and the composition approached the eutectic one.
The porous tungsten bottom was analyzed by EDX after the decoppering process and the results show that the porous tungsten bottom presents an amount of 0.34 mol% of copper, which was reduced after a chemical attack with nitric acid for 10 minutes. After this last procedure, the tungsten bottom presented 0.14% mol% of copper, and the concentration of sulfur was 0.14 mol%.
Structural characterization by X-ray diffraction
XRD analyses were performed on surfaces of alumina plates containing the binder, and in the Ni-Mo alloy obtained after the heating treatment used to melt the binder deposited Figure 6 . The average particle size for Ni and Mo was determined by laser diffraction and the values are 17.8 µm and 37.7 µm, respectively, and the standard deviation for these data is 0.5 µm. These results are in agreement with the particles size observed in the scanning on tungsten plates. In Figure 5a it is noticed that the XRD pattern presents some peaks related to Ni and Mo crystalline phases in metallic state, typical of each powder. Moreover, in Figure 5b , it is noticed that the XRD pattern for the Ni-Mo alloy presents peaks related to MoNi 4 crystalline phase 11 , typical of the Ni-Mo alloys, peaks related to Ni crystalline phase and peaks related to MoC 2 crystalline phase 12, 13 . This last phase is predominantly superficial and its amount was decrease after cleaning the sample surface. electron micrographs, and the particle size is considered suitable to obtain Ni-Mo alloy by melting 14 .
The micrographs in Figure 7a show the interface where the brazing occurred at 1320 °C and 1400 °C, respectively. It can be observed that heating at 1320 °C is not appropriate to braze Mo parts because at this temperature the original powder from the binder do not melt, and consequently wetting and the capillary action do not take place. The same behavior was observed at 1350 °C. however, it can be noticed in Figure 7b , that the brazing process at 1400 °C for 10 minutes, was suitable to melt the filler material (Ni-Mo alloy), to wet the surfaces of the components, and consequently to obtain an efficient bonding 15 . Figure 8 presents the micrograph obtained by SEM for a sample brazed at 1400 °C for 10 minutes. The chemical composition for the numbered spots (1 to 9) was determined by EDS coupled to the SEM, and Tables 3 and 4 present the amount of Ni and Mo for each analyzed spot across and along to the brazing interface, respectively; the average standard deviation is 0.05 wt. (%). Figure 9 is the plot of the amount of Ni as a function of the distance perpendicular of the brazing interface. The center of that interface was chosen as the axis starting point to determine the concentration of Ni. It was observed that the higher amount of Ni is in the central region of the interface and decreases as a function of the modulus of the distance x, which is an evidence of the nickel diffusion into the bulk of the brazed components. Figure 10 presents the micrograph obtained by SEM for the porous tungsten and molybdenum brazed at 1400 °C for 5 minutes, where (a) is the Mo phase, (b) Ni-Mo alloy, and (c) the porous tungsten. From Figure 10 it can be noticed that the brazing process done at 1400 °C for 5 minutes was suitable to melt the filler material (Ni-Mo alloy), to wet the surfaces of porous tungsten and molybdenum, and consequently to obtain an efficient bonding free of relevant structural damages and defects 16 . The chemical composition for the numbered spots from 1 to 8 ( Figure 11 ) was determined by EDS coupled to the SEM. Table 5 presents the amount of Ni, Mo, and W for Figure 13 presents a micrograph obtained by SEM for the porous tungsten bottom surface after the decopperization process for 20 hours and a nitric acid attack for 10 minutes. From Figure 13 it is noticed the presence of porous (a) and rounded grain boundaries, which probably occurred due to the chemical attack. These results confirm that the material each analyzed spot across the interface, respectively; the average standard deviation is 0.05 wt. (%). Figure 12 shows the amount of Ni as a function of the distance perpendicular to the interface. It was observed that the higher amount of Ni is found in the central region of the interface and it decreases as it gets far from the central position (center of the interface) which is an evidence of the nickel diffusion into the bulk of the brazing components. The nickel diffusion is higher into the Mo component than into the W. Figure 13 . Scanning electron micrograph for the porous tungsten bottom surface after the decopperization followed by the chemical attach. and molybdenum joint, and by the features of the interface between the tungsten and molybdenum alloys observed by scanning electron microscopy. The temperature for the brazing process is 90 °C above the eutectic temperature to assure the melting of the filler material, since there generally has a variation of the binder composition when deposited on the tungsten and molybdenum surfaces. However, after the melting process, the alloy was homogenized and presented compositions close to the eutectic ones.
We concluded that the brazing process performed by inductive heating using Ni-Mo alloy as a filler material in dry hydrogen atmosphere is appropriate to join porous tungsten cathode and dense molybdenum cathode parts for microwaves tubes manufacture.
